The easy axis of magnetization in Co x Pd 1Ϫx alloy films with xϭ0.35 is controllably engineered by varying the thickness, t Pd , of the Pd overlayers directly deposited on the alloy layers. In a Pd͑50 Å͒/CoPd ͑20 Å͒/Pd (t Pd ) sample with a 10-Å-height step-wedge Pd layer, the easy axis smoothly changes from in-plane orientation ͑t Pd ϭ0 Å͒ through canted out of plane ͑0Ͻt Pd Ͻ30 Å͒ to perpendicular ͑30рt Pd р60 Å͒. We also demonstrate that the spin switching is controllably reversible between in-plane and perpendicular orientations when the individual constituent layers of CoPd and Pd are alternately deposited. Smoothly continuous spin reorientation in a Pd ͑50 Å͒/CoPd ͑30 Å͒/Pd (t Pd ) film with increasing t Pd in a broad range of 0-150 Å convincingly evidences the magnetoelastic anisotropy origin for the observed spin switching. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1402153͔
The spin-reorientation transition ͑SRT͒ from the normalto-plane to in-plane direction ͑or vice versa͒ in ultrathin magnetic films has long attracted much attention because of both fundamentally intriguing interests in perpendicular magnetic anisotropy ͑PMA͒ at the surface or interface and technologically useful applications to information storage. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Intensive studies of the SRT have focused on the underlying physics of the phenomenon driven by the thickness or temperature of magnetic layers. Interface magnetocrystalline anisotropy ͑MCA͒, 1, 8, 10 and magnetoelastic anisotropy ͑MEA͒, 2,12-14 which are both ascribed to spinorbital coupling on a microscopic level, 13 have been considered as the sources of the SRT. However, few studies have focused on the controllability or reversibility of spin orientations via MCA or MEA, even though the controllable reversibility of spins is essentially required for magnetic information technology. In this letter, we address spin engineering using Co 0.35 Pd 0.65 alloy films, including easymagnetization switching and its controllable reversibility without applying a magnetic field. The motivation of the present work is to demonstrate controllably engineered spin switching and its reversibility, predominantly via MEA relating spin orientations with a film strain.
To establish spin switching in ultrathin magnetic films, we use a well-known inverse magnetostrictive effect. 15 Elastic strain of magnetic layers is promising to readily control spin directions by its variation if a magnetostriction coefficient is large enough. In this work, we choose a Co 0.35 Pd 0.65 alloy system because it exhibits a large magnetostrictive effect and a significant misfit strain with Pd overlayers. 11, 12 Overlayer thickness variation can effectively yield a tensile strain evolution of buried magnetic layers and, consequently, gives rise to SRT through the MEA origin. 11, 12, 14, 16 Furthermore, the use of relatively thick CoPd alloy films instead of Co/Pd multilayers can avoid complexities originating from various types of disorders present at the interfaces, 17 so that we can expect a smoothly continuous SRT driven by nonmagnetic overlayer thickness, entirely or mostly through the MEA origin. In fact, the nonmagnetic overlayer effect on PMA was already reported by Engel, Weidmann, and Falco. 4 They observed a remarkable increase in PMA at just 1 monolayer ͑ML͒ coverage of nonmagnetic layers. We believe that the possible origin is attributed to a hybridization effect of electronic structures at different elemental interfaces by the proximity effect as reported. 18 Quite recently, the SRT in epitaxial Cu/Co/Ni/Cu films was also studied by changing the thickness of both the Co and Ni magnetic layers and explained with strain-induced anisotropy origin. 2 Even though much work on the SRT has been reported so far, a controllable spin switching in reversible ways has not been reported from a technological viewpoint, which will be demonstrated in this letter.
Co 0.35 Pd 0.65 alloys were codeposited from two separate e-beam evaporators at room temperature in an ultra-highvacuum ͑UHV͒ chamber under a pressure of less than 9 ϫ10 Ϫ9 Torr. The alloy layers were prepared at deposition rates of 0.62 and 1.18 Å/min for Co and Pd, respectively. The desired composition was controlled by the relative deposition rates with calibrated built-in flux monitors. All Pd layers were prepared at 1.0 Å/min. A ͑111͒-preferred orientation of polycrystalline films was confirmed by x-ray diffraction study. The Kerr rotation and ellipticity were simultaneously in situ measured at both the polar and longitudinal configurations at the deposition position in the UHV chamber to investigate the evolution of spin switching with increasing thickness of the Pd overlayer. Details of the measurement system have been described elsewhere. 19 The magnetization reversal process was observed for the polar and longitudinal measurement configurations, where varying magnetic field H in a range of Ϯ1.6 kOe is applied along the film normal and plane, respectively.
The layered structure of the sample was Si͑111͒/Pd ͑50 Å͒/Co 0.35 Pd 0.65 ͑20 Å͒/Pd ͑t Pd Å͒/Co 0.35 Pd 0.65 ͑20 Å͒/Pd ͑20 Å͒ with a step-wedge Pd layer whose thickness, t Pd , varies from 0 to 60 Å in a height step of 10 Å, as depicted in Fig.   a͒ Author to whom correspondence should be addressed; electronic mail: sangkoog@kaist.ac.kr APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 11 10 SEPTEMBER 2001 1͑a͒. The polar and longitudinal loops were measured at the center position of each step of the Pd wedge layer ͑noted as L 2 ͒ upon the deposition of each layer. Figure 1͑b͒ shows the resulting loops monitored by the polar Kerr rotation ͑black lines͒ and longitudinal Kerr ellipticity ͑gray lines͒, both of which show representative, easy-or hard-axis loops. Both loops clearly show the evolution of spin switching with t Pd , i.e., strong evidence for the easy axis switches from the inplane through canted to perpendicular orientation for each layer deposition, while the initial alloy layer (L 1 ) shows inplane magnetization. The degree of SRT with t Pd is different for each layer deposition of L 2 , L 3 , and L 4 . The polar hardaxis loops become squared with increasing t Pd , and become an easy-axis loop after a certain t Pd , while the longitudinal loops show exactly reverse trends, indicating that the perpendicular components of the magnetizations become dominant with increasing t Pd .
To identify how fast the SRT occurs with t Pd for each layer deposition, the loop squareness defined as the remanence-to-saturation magnetization ratio, SϭM r /M s , is plotted versus t Pd for each layer deposition in Fig. 2͑a͒ . The values of S for the polar Kerr rotation turn to unity when t Pd reaches 30 and 50 Å for L 2 and L 4 layer depositions, respectively, indicating that the easy-axis switch to a perpendicular orientation is complete at those t Pd . It is worthwhile to note that the easy-axis switches smoothly occur, which look like the second-order transition, 7 so that we can observe canted out-of-plane easy orientation of spins. From the values of S for both signals versus t Pd , we can obtain the values of t Pd at a crossover between both signals: 18 and 27 Å for L 2 and L 4 layer depositions, respectively.
To better understand the Pd overlayer effect on easy-axis switches in CoPd alloy films, we determine the in-plane, M y , and perpendicular, M z , components of magnetizations during reversal for H applied along the film normal. Details of the vectorial magnetization analysis will be reported elsewhere. 20 For the study of the SRT from in plane to out of plane in samples having uniaxial anisotropy, vector magnetization trajectories in the M y -M z plane are useful to clearly investigate the vector nature of the magnetization reversals as well as the angles of easy axes, as seen in Fig. 2͑b͒ . The solid lines denote the easy axes, i.e., the equilibrium angles of magnetizations at Hϭ0 with respect to the film plane, defined as rem ϭtan Ϫ1 (M z /M y ). We stress two interesting behaviors: First, smooth changes in the SRT with t Pd are obvious for each layer deposition. Second, the reversible To convincingly verify a possible origin of the observed spin switching with t Pd , we investigate a different sample whose layered structure is Si͑111͒/Pd ͑50 Å͒/Co 0.35 Pd 0.65 ͑30 Å͒/Pd (t Pd ). The resulting vector representations of the M y and M z loops are shown as a function of t Pd in a broad range of 0-150 Å in Fig. 3 . The slowly smooth transition from in plane to completely perpendicular is distinctly evident in such a broad range of t Pd . We can assume that the interfaces between such a thick CoPd alloy layer and Pd overlayers are not only chemically isotropic compared to an ideally abrupt Co/Pd interface but also similar in a geometrical atomic configuration for all of t Pd except for 1-2 ML thickness. Therefore, the observed SRT with t Pd can be attributed predominantly to a strain evolution with changing t Pd . Undoubtedly, we conclude that the observed smooth spin switching with t Pd in a broad range of 0-150 Å is caused primarily by the MEA origin since the SRT would be completed with a few ML deposition of the Pd overlayer if an interface MCA were mainly responsible for the SRT. The change in rem indicated by the solid lines clearly supports continuous easy-axis switching controllably engineered by t Pd .
On the basis of the observations of spin switching with t Pd and its controllable reversibility, we can simply expect that the alternate deposition of the individual constituent layers of CoPd and Pd might yield a strain modulation of the buried CoPd layers via compositional modulations in a multilayer structure. Figure 4 shows the evolution of the polar Kerr rotation loops for an applied field parallel to the film normal, monitored upon the deposition of each of the alternating layers in a multilayer structure of ͓Co 0.35 Pd 0.65 ͑15 Å͒/Pd (10 Å)] 3 . Almost in-plane magnetization for all the Co layers being a top layer reorients towards perpendicular when Pd layers are deposited on top of the previously deposited layers. As a consequence of the alternate depositions, oscillatory spin switching is clearly visible in the polar Kerr rotation loops as well as in M r /M s and coercive field H c .
In conclusion, we have studied the spin-switching behavior in Co x Pd 1Ϫx alloy films with xϭ0.35 driven by Pd overlayer thickness. The spin engineering established in this letter provides the ability to readily engineer the spin direction from the in-plane through the canted to perpendicular direction and vice versa in a reversible way. The observed behaviors are likely to originate from the dependence of the misfit strains of the magnetic layers on individual layer thickness through the MEA origin. Controllable spin switching with its reversibility without applying an external magnetic field might be applicable to ultra-high-density information storage such as magnetic memory cells and sensor devices.
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